Abstract. The results of torsional shaft vibration bench tests for a prototype aircraft propeller speed reduction unit are presented in this paper. The study was conducted as a function of engine speed and lubrication conditions. 3D model of the propeller speed reduction unit was developed. By using the finite element method, normal modes frequencies were defined. The simulation was conducted both unloaded and loaded under nominal power conditions.
Introduction
A propeller speed reducing unit was design for an aircraft piston engine having an output N = 200 kW [1] . One condition for admission to flight tests is verification of propeller shaft's torsional vibration over the full range of working loads and rotational speeds. Many vibration sources were detected while bench testing. Internal sources of vibrations include manufacture and assembly errors, compliance and variable stiffness of elements and components, gas force pulses, characteristics of the propeller and other. External sources of vibrations include variable load operating conditions. Vibration sensors were used to record the entire spectrum of the shaft vibration measurement band. Dominant vibrations in the propeller shaft's motor-gearing system are caused by engine torque irregularities and load condition variations. Thus, identification of vibrations excited by the gearing in the spectrum of shaft vibrations is difficult. Identification of these vibrations may facilitate knowledge of vibration in the unloaded and loaded conditions, the internal excitations (assembly and operation errors), and the torsional stiffness of the propeller speed reduction unit swivel.
3D model of the planetary gear unit
The propeller speed reduction unit was designed with a gear ratio of i = 2.1, the rotational speed of n < 5600 revolutions per minute, and the nominal power N = 200 kW [2] . The complete model of gear with propeller shaft and FEM mesh is shown in Fig. 3 . Five satellites transmit power from the sun gear to the ring gear. Kinematics of propeller speed reduction unit at a certain ratio requires the yoke to be fixed. (Fig. 4) . The propeller was modeled with mass elements -MASS21. The importance of selecting the right type of elements is shown below. There is a comparison of a twisted model of shaft with the gear model designed using different finite element types Commonly, detailed mesh parameters and discretization errors are omitted by authors [3] . To illustrate the difference in mapping the stiffness of a structure in a correct manner using different element types a modal analysis of a cantilever beam was performed. The first two frequencies and mode shapes were computed. We took the solution of quadratic hexahedra elements as a reference solution and compared the results with a mesh of quadratic tetrahedra and linear tetrahedra having a coarse mesh and a fine mesh respectively. The results are shown in Table 1 [4, 5] . Table 1 shows the differences in the computed natural frequencies, which depends on the finite elements used in the simulations of vibrations of the shaft.
The vibration of prototype aircraft propeller speed reduction unit... Figure 6 shows the results of the angle of twist of FEM simulations for this model. Figure 7 shows the results of measuring the twist angle as a function of the torque on the bench. As it is seen the FEM simulation of a modeled shaft has about two times higher angle of twist that was measured on the bench. In complex structures, these differences in measurement and simulation are smaller than in simulation of simple objects like shafts and beams. The results obtained for the unloaded propeller speed reduction unit in the functions of FEM elements are given in Table 2 .
The use of a linear type tetrahedron elements reduces the simulation time but it gives a significant problem both in analysis and in calculating modal stresses [5, 6] . 
Simulation of natural vibrations of planetary gear unit 3D model
Simulations of vibrations were carried out for the unloaded and loaded gear with "takeoff power" torque and inertia forces. These simulations takes into consideration all material properties of steel and plastic damper elements. The 3D model assumed ideal geometry. The model No. 1 was analyzed with the casing with the casing full of symmetrical fins (Table 3 ). Then the model No. 2 was analyzed without two ribs and with a base for the propeller governor (Fig. 1 ). In the model No. 3, the diameter of the shaft was increased from 38 mm to 40 mm. In the modification of model No. 4, the bearing shaft was changed. The modal simulation results are shown in Table 4 ; visualizations of the selected modes are presented in Figs. 15-19. The vibration of prototype aircraft propeller speed reduction unit... Figures 12-14 show the first three forms of vibrations of loaded model No. 1, with load M = 360 Nm and inertia forces for n = 5400 rpm. A noticeable increase in the frequency of vibration of the first and the fifth to eighth modes are noticeable for load state seen in Table 3 . Those are torsional and bending vibrations. Bending vibrations and torsional-bending of the propeller shaft are noticeable beginning with the fifth mode (Fig. 11) .
In the loaded and unloaded conditions vibrations modes first, second and fifth to eighth are torsional and bent. The third mode represents torsional vibrations" and forth torsional with axis symmetrical deflection (Fig. 15-18 ). It is interesting to note the ninth mode of vibration is pure axial vibration and the tenth is deflection without any twisting angle (Fig. 19) . For all three models, an increase in the first three natural frequencies under operating load is shown. This frequency increase is not evenly distributed over models. For model No. 2, it is the highest, about 50% higher for first three modes of vibrations. For model No. 3, an increase of 9 to 12% was obtained. For model No. 4, growth within 20-40% was observed. For higher mode of vibrations, the differences are very small and only the 10th mode shows a 5% to 6% increase in frequency. 
Bench testing of the propeller speed reduction unit before and after the engine bench tests
The prototype gearing was tested on a laboratory stand in order to assess the gearing's quality and technical condition (Fig. 22 ). Tests were carried out without external load with the rotational speed n <= 4800 rpm [2] . Before engine bench test were conducted some measurements with external oil pump for gear lubrication were done. Shaft torsional vibration signals transmitted from a rotating propeller shaft were measured using radio communication equipment (ESA Messtechnik GmbH). Vibrations of the speed reduction unit after engine bench tests were conducted with splash lubrication. Measurements for various rpm's were repeated for different levels of oil. Following the engine bench test, measurements of gearing unit stiffness characteristics were also performed. The measurements after the engine bench test were carried out without an oil pump, with a low level of transmission oil [2] . There was no oil pressure, and no oil was sprayed on the gears. The result is lower torque (Fig. 25) compared to the results with pressure lubrication (Fig. 23) . Amplitudes of the first and half of vibrations harmonic frequencies are, respectively, from 1.5 to 2.5 times higher than before the engine bench test. Radial run out of propeller shaft after engine bench test did not exceed 0.02 mm.
Increasing the oil level to the maximum level resulted in increasing torque significantly. The oil temperature quickly rose to 80
• C. The vibration of prototype aircraft propeller speed reduction unit... achieved at a speed of n = 3400 rpm. Resistive torque of Mop = 29.74 Nm at n = 4800 rpm and oil temperature of 45
• C was obtained with spray lubrication. The level of vibration induced internally (manufacture and assembly errors) recorded before engine bench test was satisfactory. The maximum amplitude of vibration was within 11% of the value of resistive torque at n = 4800 rpm. After the engine bench test, damping elements were stiffened. A minimum clearance at the elastic elements of satellite gears rear bolts was created. The plastic sleeves at the junction of the ring gear and the propeller drive shaft were strengthened. This resulted in decreasing the elastic deformation of damping elements. This also resulted in increasing the propeller speed reduction unit vibration amplitudes. During gear failure investigations some modern neural network techniques can be used [7] . The results of the propeller shaft and complete propeller speed reduction unit torsional stiffness measurements are shown in Figs. 7 and 29. The torsional stiffness of the propeller shaft was: Kw = 7270 Nm/deg, while torsional stiffness of propeller speed reduction unit with elastic silencers was: Cr = 1000 Nm/deg.
Conclusions
Simulations of the vibration propeller speed reduction unit prototype developed for 3D model with modifications facilitated:
• identification of vibration in the spectrum of vibration engine drive, • choice of the design variant of propeller speed reduction unit.
The examples from Sec. 2 showed that different element types had a significant impact on the simulation results. We do not recommend using linear-type tetrahedron elements due to over estimated simulation results significant positive simulation error with respect to the exact solution.
The measurement of vibrations in reducing gear that was not loaded, before and after testing on bench, made the following possible:
• evaluation of intermediate precision manufacturing and gear mounting, • evaluation of the impact of the type of lubrication and oil level on the resistive torque, • evaluation of the impact of the type of lubrication and oil level on the amplitude of vibrations (main and halfharmonic), • authoritative assessment of the state of the propeller speed reduction unit
The elastic elements were significantly worn. The material that had parameters similar to that of clutch inserts was permanently deformed. Stiffness increased and grip decreased to zero. It strongly influenced the increasing of vibration amplitude. Metrological tests and an verification the disassembled propeller speed reduction unit parts confirmed the good condition of the gears and bearings. Elastic elements were to be replaced. The choice of more reliable elastic material for sleeve satellites and ring gear bolts is strongly recommended.
